1. Introduction {#sec0005}
===============

Many studies have found that senescence is tightly related to energy metabolism. Caloric restriction (CR) has been confirmed to extend lifespan in various organisms ([@bib0080], [@bib0140], [@bib0195], [@bib0010], [@bib0090]) and delay aging-related diseases ([@bib0250], [@bib0175]).

Na^+^-dependent dicarboxylate transporter (NaDC) is an organic anion transport protein family responsible for re-absorption or transport of tricarboxylic acid cycle (Krebs cycle) intermediates ([@bib0170]) to participate in regulating cellular energy metabolism ([@bib0210], [@bib0045]). Based on their affinity for substrates, the family is classified into two types: low-affinity NaDC1 and high-affinity NaDC3 ([@bib0165]). NaDC3 is mainly expressed in metabolic active tissues, including kidney, liver, placenta, and brain ([@bib0230], [@bib0020]). Recent studies in our lab have demonstrated that overexpression of NaDC3 gene accelerates cellular senescence ([@bib0040]), but the mechanism is yet unclear.

One bridge between energy metabolism and senescence is NAD^+^-dependent histone deacetylase Sir2 ([@bib0115]). Sir2 (silent information regulator 2) is the key regulator of life span in a wide variety of organisms, including yeast, worms, and flies ([@bib0030]). An increased dosage of Sir2 proteins extends life span in each of these organisms, while deletion or mutation of Sir2 shortens life span ([@bib0105], [@bib0225], [@bib0190], [@bib0245]).

In mammals, SIRT1 is the closest ortholog of the yeast enzyme Sir2. It delays or reduces the incidence of aging-related disorders ([@bib0185], [@bib0135], [@bib0180], [@bib0055], [@bib0035]). Moreover, studies demonstrated that SIRT1 plays an important role in the regulation of cell fate and stress response in mammalian cells. SIRT1 promotes cell survival by inhibiting cellular senescence or apoptosis induced by stress, including DNA damage and oxidative stress, and can reverse the induced aging in mouse embryonic fibroblasts and cardiac myocytes, etc. ([@bib0060], [@bib0005], [@bib0110]). SIRT1 activity depends on NAD^+^, which is an important coenzyme in Krebs cycle ([@bib0100]). Therefore, SIRT1 is a junction point between senescence and energy metabolism ([@bib0115]).

The increased concentration of Krebs cycle intermediates causes allosteric inhibition of cycle activity and down-regulation of NAD^+^/NADH ratio, which determines the intracellular redox state ([@bib0205]). NaDC3 can transport Krebs cycle intermediates into cells and regulate cellular energy metabolism ([@bib0150]), and SIRT1 links energy metabolism to senescence ([@bib0115]). We propose a hypothesis that NaDC3 promotes aging by inhibiting NAD^+^-dependent SIRT1 pathway. To test this hypothesis, we firstly observed the change of SIRT1 activity and NaDC3 expression with aging in rat kidney tissue; investigated the change of SIRT1 and NAD^+^/NADH ratio after overexpression of NaDC3 gene in human embryonic lung diploid fibroblast (WI38 and MRC-5 cells), and studied the mechanism by which NaDC3 accelerated cellular senescence.

2. Materials and methods {#sec0010}
========================

2.1. Experimental animal {#sec0015}
------------------------

Eighteen male Wistar rats at the age of 3, 12 and 27 months, were obtained from the colony kept in the Experimental Animal Center of the General Hospital of PLA, which originated from the strain of National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The rats were housed two per cage (size 60 cm × 45 cm × 35 cm) in a climate-controlled quarter, where the relative humidity and ambient temperature were 45% and 23 °C, respectively, under a 12-h light/dark cycle. The rats were fed ad libitum water and standard laboratory chow with a composition of 25% protein, 5% fat, 56% carbohydrate, 8% ash, and 6% cellulose. SPF monitoring includes routine testing of the following. The agents specifically excluded from the Wistar rat colony included virus (Sendai virus, rat corona virus, rat parvovirus, etc.), bacteria (mycoplasma pulmonis, corynebacterium, clostridium, etc.), and parasites (endoparasites, tapeworms, protozoa, and ectoparasites). All animals were killed by exsanguination under general anesthesia. Meanwhile, bilateral kidneys were harvested, snap frozen in liquid nitrogen and stored at −80 °C for protein extraction and enzymatic activity detection.

2.2. Cell culture {#sec0020}
-----------------

Human embryonic lung diploid fibroblasts WI38 and MRC-5 were obtained from ATCC. Cells were cultured in Earle\'s Minimum Essential Medium (GIBCO) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO) and 1 mM pyruvate (Invitrogen). PT67 cells (ATCC) were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% bovine serum. All cells were grown in medium containing 100 μg/ml penicillin and 100 μg/ml streptomycin (Invitrogen) at 37 °C in 5% CO~2~.

2.3. Construction of retroviral vector and infection of WI38 and MRC-5 cells {#sec0025}
----------------------------------------------------------------------------

Retroviral plasmid pLNCX2 was obtained from Clontech Inc. (CA, USA). pLNCX2-hNaDC3 was constructed by our laboratory ([@bib0040]). pLNCX2-hNaDC3 and pLNCX2-neo were infected into PT67 cells (50--60% confluence) using Lipofectamine 2000 (Invitrogen). After infection for 48 h, the medium containing retroviruses was collected. Then the hNaDC3 gene was introduced into young human diploid fibroblast WI38 and MRC-5 cells (PD 20) (50--60% confluence) through infection with retroviral vectors. The transformants, after sustained selection by G418 with the concentration 300 μg/ml for 15 days, were termed as WI38/hNaDC3, WI38/neo and MRC-5/hNaDC3, MRC-5/neo, respectively.

2.4. WI38 cells were treated by resveratrol, niacinamide, CR serum or NAD^+^ {#sec0030}
----------------------------------------------------------------------------

Cells were treated, respectively, by resveratrol (Sigma Chemical) 200 μM ([@bib0265]), niacinamide (Sigma Chemical) 10 mM ([@bib0275]), CR serum (6-month-old rats that had been fed a CR diet (60% of AL) since weaning) or NAD^+^ (Roche) 0.1 mM ([@bib0015]).

2.5. Western blot analysis and densitometry {#sec0035}
-------------------------------------------

Western blots were performed as previously described ([@bib0200]). The following antibodies were used: rabbit anti-NaDC3 antibody against peptide (amino acid sequence 155--226 of human NaDC3, 1:100) (prepared by our laboratory); ([@bib0230]). Anti-β-actin (Sigma--Aldrich, 1:10,000).

Films were scanned with a Molecular Dynamics Densitometer (GE) and densitometry was performed using Alphaimager 2200. NaDC3 and actin signals of each sample were measured and NaDC3 levels of each sample were standardized to the levels of actin.

2.6. Measurement of SIRT1 deacetylase activity with fluorescent assay {#sec0040}
---------------------------------------------------------------------

Deacetylation was measured using the Fluor de Lys kit (AK-555; Biomol) using a fluorogenic peptide encompassing residues 379--382 of p53, acetylated on lysine 382 (KI-177; Biomol). The acetylated lysine residue was coupled to an amino-methylcoumarin moiety. The peptide was deacetylated by SIRT1, followed by the addition of a proteolytic developer that released the fluorescent amino-methylcoumarin. Briefly, enzyme preparations were incubated with 170 M NAD and 100 M p53 fluorogenic peptide for 45 min at 37 °C followed by incubation in developer for 15 min at 37 °C. Fluorescence was measured by excitation at 360 nm and emission at 460 nm and enzymatic activity was expressed in relative fluorescence units ([@bib0220]). Assays were performed in triplicate.

2.7. NAD^+^/NADH ratio determination {#sec0045}
------------------------------------

The NAD^+^/NADH Quantification Kit (BioVision) provided a convenient tool for sensitive detection of NAD^+^/NADH ratio. There is no need to purify NAD^+^/NADH from sample mix. The NAD^+^/NADH Quantification Kit was used according to manufacturer\'s instructions.

2.8. Senescence-associated beta-galactosidase staining {#sec0050}
------------------------------------------------------

SA-beta-gal stained positive cell is one of the cellular senescent characteristics ([@bib0065]). After being washed and fixed for 5 min at room temperature in 3% formaldehyde, cells were incubated overnight at 37 °C (without CO~2~) with freshly prepared SA-beta-gal stain solution \[1 mg/ml X-gal, 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl~2~\]. After washing with PBS, 100--200 cells in six fields were counted for the percentages of SA-beta-gal staining positive cells, which had blue color sedimentation in their cytoplasm under the microscope.

2.9. Senescence-associated heterochromatin foci (SAHF) analysis {#sec0055}
---------------------------------------------------------------

SAHF formation is a novel specific biomarker of cellular senescence, because there is marked focal heterochromatin in the aged cells. To determine SAHF formation, cells were cultured directly on glass cover slips and then fixed with 4% paraformaldehyde. After washing with PBS, cells were permeabilized with 0.2% Triton X-100/PBS for 10 min. DNA was visualized by DAPI (1 mg/ml) for 1 min, and then washed with PBS for twice. Cover slips were mounted in a 90% glycerol PBS solution. Cover slips were examined under Leica DMIRB inverted microscope.

2.10. Measurement of PD {#sec0060}
-----------------------

Infected cell clones were selected with G418. The PD number of a clone grown to about 5 × 10^5^ cells is approximately 19 from the PD number at the beginning of the count. Therefore, the actual PD number of the infected cells should be increased by 19 PD when compared with the uninfected cells ([@bib0070]).

2.11. cell cycle analysis {#sec0065}
-------------------------

Senescent human fibroblasts usually exhibit G1 cell cycle arrest ([@bib0160]). 1 × 10^6^ cells were collected in each sample with 0.25% trypsin, washed twice with cold PBS, and fixed with 70% alcohol in PBS for 12 h at 4 °C. Then the cells were stained for 30--60 min at 4 °C in 100 μg/ml propidium iodide solution (with 100 μg/ml RNase) after washing twice with PBS. Stained cells were analyzed in a flow cytometry (FACScan; BD Biosciences, San Jose, CA).

2.12. Statistical analysis {#sec0070}
--------------------------

Data was expressed as mean ± SEM unless otherwise stated. Statistical differences were evaluated with ANOVA method. *P* value less than 0.05 was regarded as statistically significant.

3. Results {#sec0075}
==========

3.1. The change of SIRT1 activity and NaDC3 expression with aging in rat kidney {#sec0080}
-------------------------------------------------------------------------------

We detected the change of SIRT1 enzymatic activity and NaDC3 protein expression with aging in rat kidney. The results showed that the level of SIRT1 activity decreased gradually with aging in 3-, 12- and 27-month-old rats (*P*  \< 0.05) ([Fig. 1](#fig0005){ref-type="fig"}A). Meanwhile, NaDC3 protein expression increased slowly (*P*  \< 0.05) ([Fig. 1](#fig0005){ref-type="fig"}B).Fig. 1The change of SIRT1 activity was detected by fluorescence and chemiluminescence (A). NaDC3 expression was detected by Western blot with aging in rat kidney (B). Lane 1: 3-month-old group; Lane 2: 12-month-old group; Lane 3: 27-month-old group.

3.2. NaDC3-induced cellular premature senescence in WI38 and MRC-5 cells {#sec0085}
------------------------------------------------------------------------

Because it is difficult to transfect genes efficiently into WI38 cells using plasmids, the recombinant NaDC3 retrovirus vector was produced by packaging PT67 cells, and WI38 cells were effectively infected. The results of Western blot showed that in WI38/hNaDC3 group, the level of NaDC3 was greatly increased, while the control groups (WI38/con) and empty vectors (WI38/neo) had no expression of NaDC3 ([Fig. 2](#fig0010){ref-type="fig"}A).Fig. 2NaDC3-induced senescence-related phenotypes in WI38 cells. (A) Efficiency of infection with NaDC3 was detected by Western blot. The WI38/hNaDC3 cells showed significantly high level of NaDC3, but no expression was found in control groups (*P* \< 0.05) (*n* = 6). Empty vector groups had no difference compared to control (*P* \> 0.05) (*n* = 6). Relative NaDC3 protein band density was normalized to β-actin. \**P* \< 0.05 versus control group. (B) Morphology observation in the WI38 cells infected with NaDC3 vector. WI38/hNaDC3, WI38/neo and WI38/con cells cultured for 37PD were observed for morphology. (C) SA-beta-gal staining in the WI38 cells infected with NaDC3 retroviral vector. WI38 cells cultured for 37PD were stained for SA-beta-gal, which showed blue precipitation in the cytoplasm in senescent cells. Magnification, 100×. (D) Analysis of SAHF formation. The cells were stained with DAPI and heterochromatin foci were shown in the senescent cells. (E) Analysis of cell cycle by flow cytometry.

We first studied the effect of NaDC3 on the aging process of WI38 cells, which entered replicative senescence after completing a finite number of divisions (50 ± 10 population doublings, PD) and lost replicative ability. The results showed that WI38/hNaDC3 cells entered premature senescence after reaching PD 37--40, while the replicative lifespan of control groups and empty vector groups were PD 48--51. In addition, the volume of WI38/hNaDC3 cells in PD37 showed hypertrophy compared to that of control and empty vector groups ([Fig. 2](#fig0010){ref-type="fig"}B). The SA-beta-gal (a biomarker of cell senescence) staining results showed that the percentage of staining positive cells in WI38/hNaDC3 group (98.5 ± 5.6%) was significantly greater than that in the WI38/con (22.3 ± 2.4%) and WI38/neo group (23.4 ± 2.18%) (*P*  \< 0.05) in 37 PD ([Fig. 2](#fig0010){ref-type="fig"}C).

The accumulation of senescence-associated heterochromatin foci (SAHF) is another specific biomarker of senescent cells. As shown in [Fig. 2](#fig0010){ref-type="fig"}D, senescence induced by hNaDC3 displayed pronounced punctuated DNA foci which were visualized by DAPI staining. In contrast, the cells in the WI38/con and WI38/neo group displayed a relatively uniform DAPI staining pattern.

We analyzed cell cycle with flow cytometry, as aging cells will enter permanent growth arrest at G1 phase after completing a finite number of divisions. The results showed that the percentages of the cells in WI38/hNaDC3 group at G1 phase (79.14 ± 0.58%) were significantly higher than that in the WI38/con (53.54 ± 3.19%) and WI38/neo (54.21 ± 5.04%) groups (*P*  \< 0.05) ([Fig. 2](#fig0010){ref-type="fig"}E).

At the same time, MRC-5 cells were also infected with recombinant NaDC3 retrovirus vector. The SA-beta-gal staining and SAHF results showed that NaDC3 also induced cellular premature senescence of MRC-5 cells ([Fig. 3](#fig0015){ref-type="fig"}A and B). Western blot analysis demonstrated that expression level of cell cycle regulatory proteins p16 and p21 (they also are marker of cellular senescence) was significantly increased in the MRC/hNaDC3 cells compared with those in the MRC/con and MRC/neo cells ([Fig. 3](#fig0015){ref-type="fig"}C).Fig. 3NaDC3-induced senescence-related phenotypes in MRC-5 cells. (A) SA-beta-gal staining in the MRC-5 cells infected with NaDC3 retroviral vector showed blue precipitation in the cytoplasm in senescent cells. (B) Analysis of SAHF formation. The cells were stained with DAPI and prominent heterochromatin foci in nuclei were shown in the senescent cells. (C) Expression of cell cycle inhibitory proteins p16 and p21 was analyzed by Western blot. 1: The MRC-5 cells uninfected; 2: the MRC-5 cells infected with neo vector; 3: the MRC-5 cells infected with NaDC3 retroviral vector.

3.3. SIRT1 delayed replicative senescence in WI38 cells {#sec0090}
-------------------------------------------------------

We studied the effects of SIRT1 on the aging process by regulating SIRT1 activity. Resveratrol, a polyphenol found in wines and thought to harbor major health benefits, is the specific agonist of SIRT1 enzymes. Studies have shown if expression of SIRT1 is suppressed by siRNA silencing or knock-out method, resveratrol will no longer play a biological function ([@bib0255]). Niacinamide is a specific inhibitor of SIRT1 enzymes. SIRT1 activity will increase in the absence of nicotinamide ([@bib0130], [@bib0235], [@bib0050]). The WI38 cells treated with niacinamide (PD 37) showed increased enlargement and flattened inclusions similar to those of the senescent WI38 cells (PD 48). However, the morphology of the WI38 cells treated with resveratrol (PD 37) was similar to that of the young WI38 cells (PD 30). Moreover, we found that the replicative life span of WI38 cells treated with resveratrol (PD 55--60) was longer than that of the control cells (PD 48--51). In contrast, those cells treated with niacinamide ceased cell division (PD 35--38) earlier than the control group. SA-beta-gal staining indicated that the percentage of positive cells was 25% in control cells (PD 37), whereas almost all of the WI38 cells treated with niacinamide were positively stained, just like the senescent cells (PD 48). But only sporadic SA-beta-gal-positive cells were seen in WI38 cells with resveratrol, similar to that of the young WI38 cells (PD 30) ([Fig. 4](#fig0020){ref-type="fig"}A). DAPI staining results also shown that resveratrol treatment can retard the aging of WI38; niacinamide can accelerate the aging of WI38 ([Fig. 4](#fig0020){ref-type="fig"}B).Fig. 4SIRT1 inhibited Senescence-related phenotypes in WI38 cells. The SA-beta-gal staining and DAPI staining in WI38 cells were observed. The SA-beta-gal activity (A) and SAHF formation (B) were observed in the WI38 cells treated with resveratrol or niacinamide.

3.4. NaDC3 inhibited SIRT1 deacetylase activity in WI38 cells {#sec0095}
-------------------------------------------------------------

To determine whether NaDC3 induces aging through inhibiting SIRT1 pathway, SIRT1 deacetylase activity was detected by fluorescent assay. The results showed that the activity was down-regulated in the WI38/hNaDC3 group (9256 ± 675), compared with that in the control (20,569 ± 1035) and the WI38/neo groups (18,972 ± 1158) (*P*  \< 0.05), ([Fig. 5](#fig0025){ref-type="fig"} ).Fig. 5NaDC3 inhibited SIRT1 Activity in WI38 cells. SIRT1 activity of WI38/hNaDC3 cells was inhibited dramatically, compared with those in control and WI38/neo groups (*P* \< 0.05). \**P* \< 0.05 versus control group (*n* = 6).

3.5. SIRT1 activators delayed cellular premature senescence induced by NaDC3 {#sec0100}
----------------------------------------------------------------------------

To elucidate whether the decreased level of SIRT1 activity was directly caused by NaDC3, or only as an accompanying phenomenon in the aging process induced by NaDC3, we treated the WI38/hNaDC3 cells with resveratrol or CR serum, which are activators of SIRT1, and studied the change of aging-related phenotypes. The results indicated that CR serum and resveratrol could elevate the level of SIRT1 activity of WI38/hNaDC3 cells ([Fig. 6](#fig0030){ref-type="fig"}A).Fig. 6Elevation of SIRT1 activity reduced senescence-related phenotypes induced by NaDC3. (A) SIRT1 activity was measured using the Fluor de Lys kit in WI38/hNaDC3 cells in the presence of CR serum or resveratrol cultured for 37PD. WI38/hNaDC3 cells in the presence of CR serum or resveratrol showed significantly higher levels of SIRT1 than that in WI38/hNaDC3 group (*P* \< 0.05). \**P* \< 0.05 versus WI38/hNaDC3 group (*n* = 6). (B) Effect of elevating SIRT1 activity on morphology and SA-beta-gal staining of WI38/hNaDC3 cells. WI38/hNaDC3 cells cultured in the presence CR serum or resveratrol for 37 PD were stained for SA-beta-gal. The percentage of SA-beta-gal stained positive cells. For each group, 100--200 cells were counted. Comparison among groups was conducted with ANOVA. \**P* \< 0.05 versus WI38/hNaDC3 group. Magnification, 100×. (C) SAHF formations were observe in the WI38/hNaDC3 cells treated with resveratrol or CR serum. (D) Analysis of cell cycle by flow cytometry in the WI38/hNaDC3 cells treated with resveratrol or CR serum.

The life span of WI38/hNaDC3 cells treated with CR serum (PD 47--52) or resveratrol (PD 46--51) was similar to that of the control cells (PD 48--51). Meanwhile, the life span of WI38/con and WI38/neo cells have also been increased slightly treated with CR serum or resveratrol (PD 52--55), respectively. It was also found that cellular hypertrophy was ameliorated after WI38/hNaDC3 cells were treated with resveratrol or CR serum. Meanwhile, the change of the cellular shape in WI38/con and WI38/neo groups has not been found.

SA-beta-gal staining showed that in the WI38/hNaDC3 group treated with resveratrol or CR serum, the positive rate was 24% and 23%, respectively, and that in the WI38/hNaDC3 cells without resveratrol or CR serum was 98.5% ([Fig. 6](#fig0030){ref-type="fig"}B). Meanwhile, the positive rate of SA-beta-gal staining in WI38/con and WI38/neo groups was 20% and similar to those treated with resveratrol or CR serum. DAPI staining results also shown similar results as SA-beta-gal staining ([Fig. 6](#fig0030){ref-type="fig"}C).

The results of cell cycle with flow cytometry showed that in WI38/hNaDC3 cells treated with resveratrol or CR serum, the percentage of cells at G1 phase was significantly lower than in the WI38/NaDC3 without resveratrol or CR serum, and was nearly equal to that in control and WI38/neo cells, consistent with the above results. Meanwhile, in WI38/con and WI38/neo groups treated with resveratrol or CR serum, the percentage of cells at G1 phase also have a slight decrease, respectively ([Fig. 6](#fig0030){ref-type="fig"}D).

3.6. NaDC3 lowered NAD^+^/NADH ratio in WI38/hNaDC3 cells {#sec0105}
---------------------------------------------------------

To study the effect of NaDC3 on NAD^+^/NADH ratio, the ratio was tested in the cytoplasm of WI38/hNaDC3 cells. Our results indicated that intracelluar NAD^+^/NADH ratio was lower in the WI38/hNaDC3 group (0.53 ± 0.01), compared to WI38/con (1.12 ± 0.05) and WI38/neo groups (1.18 ± 0.1) (*P*  \< 0.05) ([Fig. 7](#fig0035){ref-type="fig"}A).Fig. 7Exogenous NAD^+^ delayed cellular premature senescence induced by NaDC3. (A) NAD^+^/NADH ratio of WI38/hNaDC3 cells was down-regulated. But WI38/hNaDC3 + NAD cells were noted NAD^+^/NADH ratio was enhanced, compared with WI38/hNaDC3 cells in 37 PD (*P* \< 0.05). \**P* \< 0.05 versus WI38/hNaDC3 group. (B) SIRT1 activity was measured in WI38/hNaDC3 + NAD^+^ cells. NAD^+^ enhanced SIRT1 activity of WI38/hNaDC3 cells, compared with WI38/hNaDC3 cells without NAD^+^ in 37 PD (*P* \< 0.05). \**P* \< 0.05 versus WI38/hNaDC3 group. The data shown is one representative experiment out of a series of five with similar results. (C) The change of morphology and the percentage of SA-beta-gal stained positive cells. For each group in 37 PD, 100--200 cells were counted. Comparison among groups was conducted with ANOVA. \**P* \< 0.05 versus WI38/hNaDC3 group. Magnification, 100×. (D) SAHF formations were observed in the WI38/hNaDC3 cells treated with NAD^+^.

3.7. The increase of NAD^+^/NADH ratio by adding exogenous NAD delayed cellular premature senescence induced by NaDC3 {#sec0110}
---------------------------------------------------------------------------------------------------------------------

To investigate whether NaDC3 promoted premature cellular senescence by directly down-regulating NAD^+^/NADH ratio to inhibit the activity of SIRT1, we further added exogenous NAD^+^ to up-regulate the NAD^+^/NADH ratio in 3 groups ([Fig. 7](#fig0035){ref-type="fig"}A) and observed the change of premature senescence-related phenotypes induced by NaDC3. The results indicated that exogenous NAD^+^ can elevate the level of SIRT1 activity ([Fig. 7](#fig0035){ref-type="fig"}B), and decrease the positive rate of beta-gal staining ([Fig. 7](#fig0035){ref-type="fig"}C) and the prominent heterochromatin foci in nuclei in the WI38/hNaDC3 cells ([Fig. 7](#fig0035){ref-type="fig"}D), and the number of arresting cells at G1 phase in 3 groups ([Fig. 2](#fig0010){ref-type="fig"}E). The life span of WI38/hNaDC3 cells treated with NAD^+^ (PD 45--50) was similar to that of the control cells (PD 48--51). Meanwhile, in WI38/con and WI38/neo groups treated with NAD^+^, The life span also have a slight increase, respectively (PD 52--55).

4. Discussion {#sec0115}
=============

NaDC3 is a transmembrane protein that is responsible for the transport of intermediates of the Krebs cycle ([@bib0210], [@bib0045], [@bib0025]), and is related to energy metabolism ([@bib0165]). The increase of the concentration of intracellular intermediates causes the decrease of NAD^+^/NADH ratio ([@bib0205]). NAD^+^ or NAD^+^/NADH ratio determines SIRT1 deacetylase activity ([@bib0100]). Recently it was reported that SIRT1 could delay mammalian cellular senescence ([@bib0160], [@bib0155], [@bib0095]). In this study, we have confirmed that SIRT1 can delay senescence of WI38 cells, which are generally accepted in cell senescence studies, and found that NaDC3 induces cellular premature senescence through inhibiting NAD^+^-dependent SIRT1 pathway ([Fig. 8](#fig0040){ref-type="fig"} ).Fig. 8A proposed signaling pathway involved in NaDC3-induced aging in the WI38 cells.

4.1. NaDC3 induces cellular premature senescence {#sec0120}
------------------------------------------------

We have found that WI38/hNaDC3 cells show the phenotypes of premature senescence, including decrease in proliferative ability, presence of hypertrophic cellular volume, and increase in the positive staining percentage of SA-beta-gal and cell number arrested in the G1 phase. These results indicate that overexpression of NaDC3 induces aging-related phenotypes. This confirms our previous results ([@bib0040]).

Rogina et al. found that mutation of the *Indy* ([I]{.ul}'m [n]{.ul}ot [d]{.ul}ead [y]{.ul}et) gene, the homolog of NaDC in the fruit fly, extends the mean life span ([@bib0190]). Knockdown of ceNaDC2 gene from *Caenorhabditis elegans*, the counterpart of hNaDC3, leads to a significant increase in the average life span ([@bib0075]). This supports that the NaDC3 can accelerate cellular premature senescence.

4.2. SIRT1 delays replicative senescence in WI38 cells {#sec0125}
------------------------------------------------------

Sir2, an NAD^+^-dependent protein deacetylase, extends the lifespan in diverse species from yeast to flies. Sir2 is remarkably conserved in evolution from archaebacteria to eukaryotes. Mammals have seven homologs of Sir2, including SIRT1--7, which affect aging and metabolism. We found that SIRT1 level decreases with ageing in rat kidney tissue and WI38 cells. We also found that up-regulation of SIRT1 activity delays cellular senescence, and down-regulation of SIRT1 activity promotes senescence. Therefore, SIRT1 plays an important role in the senescent progress.

4.3. NaDC3 inhibits the activity of SIRT1 deacetylase in WI38 cells {#sec0130}
-------------------------------------------------------------------

Caloric absorption has a significant effect on the maximum lifespan of animals, in that lifespan is shortened when food amount consumed exceeds the proper levels ([@bib0240]). Disruption of the function of ceNaDC2 in *C. elegans* leads to decreased availability of dicarboxylate to produce metabolic energy, thus creating a biologic state similar to that of caloric restriction, and consequently leading to life span extension ([@bib0035]). So it is probable that acceleration of cellular senescence after overexpression of NaDC3 is involved in loaded energy metabolism ([@bib0040]). NAD^+^-dependent SIRT1 is a bridge between Energy metabolism and senescence ([@bib0120]). We found that overexpression of NaDC3 can down-regulate the level of SIRT1 activity, which supports the hypothesis that NaDC3 inhibits SIRT1 pathway.

4.4. The increase of SIRT1 activity delays cellular premature senescence induced by NaDC3 {#sec0135}
-----------------------------------------------------------------------------------------

Serum from CR rat and resveratrol are activators of SIRT1 enzymes *in vivo* and *in vitro* ([@bib0090], [@bib0265]). Our results indicate that CR serum or resveratrol can elevate the level of SIRT1 activity. The senescence-related phenotypes of WI38/hNaDC3 cells in the presence of CR serum or resveratrol are significantly improved compared with that of WI38/hNaDC3 cells in the absence of CR serum or resveratrol, as demonstrated by SA-beta-gal staining, population doublings, cell cycle analysis, proliferation capability and cell morphology. In other words, cellular senescence-related phenotypes induced by NaDC3 are reversed if the level of SIRT1 activity is enhanced. Therefore, it is reasonable to suggest that NaDC3 promotes cellular premature senescence by inhibiting the SIRT1 pathway.

4.5. NaDC3 lowers NAD^+^/NADH ratio in WI38 cells {#sec0140}
-------------------------------------------------

NaDC3 is expressed in cellular membrane, while SIRT1 is expressed in cellular nucleus. How does NaDC3 cause the decreased level of SIRT1 activity? To answer the question, we determined the intracellular NAD^+^/NADH ratio in WI38/hNaDC3 cells and found that this ratio was decreased. In a previous study, we also found that overexpression of NaDC3 can transport more intermediates into cells for cellular energy metabolism ([@bib0085]). It is known that there are five dehydrogenation reactions in the Krebs cycle, and four of the resulting hydrogens are accepted by NAD^+^, and NAD^+^ is reduced to NADH. Thus, the increase of concentration in Krebs cycle intermediates causes the decrease of NAD^+^/NADH ratio ([@bib0205]).

Sir2 is an NAD^+^-dependent deacetylase. The NAD^+^-dependent deacetylation occurs via a two-step mechanism. The first step is the cleavage of the high energy glycosidic bond that joins the ADP ribose moiety of NAD^+^ to nicotinamide. Upon cleavage, Sir2 then catalyzes the transfer of an acetyl group to ADP ribose ([@bib0145], [@bib0260]). When NAD^+^ exists or NAD^+^/NADH ratio increases, deacetylation by Sir2 occurs. But when NAD^+^ is omitted or NAD^+^/NADH ratio decreases, Sir2 will lose deacetylation ([@bib0125]). NaDC3 probably promotes cellular premature senescence through down-regulating the NAD^+^/NADH ratio, then inhibiting the level of SIRT1 activity. Our results confirm this hypothesis that NaDC3 inhibits SIRT1 activity to promote premature senescence, accompanied by the decreased level of NAD^+^/NADH ratio.

4.6. The increase of NAD^+^/NADH ratio delays cellular premature senescence induced by NaDC3 {#sec0145}
--------------------------------------------------------------------------------------------

SIRT1 enzymatic activity has revealed a strict and unique requirement for NAD^+^. The requirement for NAD^+^ as a co-substrate suggested that SIRT1 can evolve as a sensor of cellular energy, and its redox states is coupled to the metabolic status of the cell by NAD^+^ ([@bib0030]). If the level of NAD^+^ decreases 60% or mutation of NAD^+^ biosynthetic enzyme occurs, SIRT1 will lose activity even if given CR condition ([@bib0125], [@bib0215]). Perturbations of NAD^+^ metabolism alter SIRT1 catalytic activity in yeast and human cells ([@bib0060]).

To investigate that NaDC3 promotes cellular premature senescence through down-regulation of NAD^+^/NADH ratio to inhibit SIRT1 activity, we further elevate NAD^+^ level by adding exogenous NAD^+^ in culture system to up-regulate NAD^+^/NADH ratio. Exogenous NAD^+^ could enter the cell freely ([@bib0015]) or be transported across the plasma membrane ([@bib0270]). The data indicates that NaDC3-induced aging-associated phenotypes are attenuated when WI38/hNaDC3 cells are treated with NAD^+^. These results suggest that NaDC3 decreases NAD^+^/NADH ratio, and subsequently inhibits the SIRT1 pathway to promote cellular premature senescence. In this report, we attempt to determine whether NaDC3 induces premature senescence through the SIRT1 pathway. Our results show that NaDC3 inhibits SIRT1 enzymatic activity by down-regulating NAD^+^/NADH ratio in the process of cellular senescence. This mechanism will provide new pathways and targets for the intervention of cellular senescence ([Fig. 8](#fig0040){ref-type="fig"}).

This work was supported by grant (2007CB507400) from the National Basic Research Program of China (973 Program) and grants (30870920, 30270505 and 30070288) from the National Natural Science Foundation of China.

[^1]: These authors contributed equally to this work.
